A critical prediction of the immunocompetence handicap hypothesis is that the expression of secondary sexual traits should be positively correlated with pathogen resistance ability. This correlation is necessary if females are to be able to use a particular sexual trait as an indicator of a male's resistance ability. In this study we document a positive correlation between a sexually selected component of the calling song of male house crickets (the number of syllables per chirp) and haemocyte load, an important determinant of the ability to encapsulate pathogens in insects. The results indicate that, by favouring males which produce more syllables per chirp, females may also select males with higher pathogen resistance ability, potentially generating either direct or indirect selection on female mating preferences.
INTRODUCTION
Theoretical and empirical studies have indicated that male secondary sexual traits may convey reliable information concerning pathogen resistance ability to females (Hamilton & Zuk 1982; MÖller 1988 MÖller , 1990 . Thus, if the expression of a particular sexual trait is correlated with variation in resistance ability, females may be selected to mate preferentially with males bearing larger traits. Selection may be direct or indirect, depending on the nature of the bene¢ts associated with the preference. For example, females may be able to avoid sexually transmitted disease (i.e. direct bene¢t) (e.g. Hurst et al. 1995) or increase o¡spring pathogen resistance if resistance is heritable (i.e. indirect bene¢t) (e.g. MÖller 1990).
Until recently, there was little mechanistic basis for supposing that sexual trait expression should be correlated with pathogen resistance ability beyond assuming that the pathological costs of infection would constrain less-resistant males to lower expression of the preferred trait. However, sexual trait expression may be constrained through a trade-o¡ with immune function. For example, if resources must be diverted away from immune function in order to maximize expression of the trait, males may su¡er increased susceptibility to pathogens (the`immunocompetence handicap' hypothesis) (Folstad & Karter 1992; Sheldon & Verhulst 1996) . This cost may be su¤cient to generate a positive correlation between sexual trait expression and pathogen resistance ability if males with higher resistance are able to invest more in the preferred trait before succumbing to increased infection.
Empirical studies of Folstad & Karter's (1992) hypothesis have generally attempted to estimate the likelihood that an individual will successfully resist pathogenic infection by assaying parameters of immune function that are assumed to be causal determinants of resistance (e.g. Verhulst et al. 1999) . The term`immunocompetence' is often used in this context to refer to the ability of an individual's immune system to resist a`novel' (previously unencountered) pathogen. Most studies to date have concentrated on vertebrate species using, for example, the magnitude of the antibody response produced following experimental inoculation with a test antigen as a measure of immunocompetence (but see Kurtz & Sauer 1999) . However, there is some uncertainty regarding the degree to which the commonly used assays provide valid means of estimating the ability to resist a novel pathogen (SivaJothy 1995; Sheldon & Verhulst 1996; Owens & Wilson 1999) . Whilst it seems reasonable to estimate an individual's ability to resist a particular pathogen by assaying the component of the immune system that mediates resistance to that pathogen (e.g. measurement of antiNewcastle disease virus antibody production in collared £y catchers) (Nordling et al. 1998) , it is less clear whether the same assay can also be used to measure immunocompetence, i.e. resistance towards a novel pathogen, which may challenge an entirely di¡erent facet of the immune system (see Siva-Jothy & Skarstein 1999) .
In this study we adopted an alternative approach to this problem using an insect system. Rather than attempting to measure immunocompetence, we restricted our analysis to the measurement of two parameters of immune function that estimate the ability to produce aǹ encapsulation' response. Crickets, like most insects, are subject to attack by a wide variety of pathogenic organisms, including viruses and bacteria, fungi, nematodes and parasitoids (Walker & Masaki 1989) . Multicellular pathogens (such as nematodes and parasitoids) are a major class of cricket pathogen and can impose signi¢cant morbidity and mortality costs on natural populations (Walker & Masaki 1989) . The encapsulation response is the main line of defence against these organisms, as it is for most insects (Gillespie et al. 1997) . This occurs when, following initial infection and non-self-recognition, layers of haemocytes build up on the surface of the pathogen and induce death through either asphyxiation or the generation of cytotoxic compounds (Nappi & Vass 1993) . In insects, the ability to allocate haemocytes to an encapsulation response will probably depend, at least in part, on the number of haemocytes available in the haemolymph (`haemocyte load'). This parameter is simple to measure and has been shown to correlate strongly with encapsulation ability in other insects (Eslin & Pre¨vost 1996 , 1998 Kraaijeveld et al. 2000) . The non-speci¢city of non-self-recognition in insects also means that it is possible to estimate encapsulation ability by measuring the response produced in the haemocoel towards a synthetic substrate (e.g. Chun et al. 1995; Ko« nig & Schmidt-Hempel 1995; Gorman et al. 1996) . Thus, in the current study we measured both haemocyte load and the ability to encapsulate a synthetic substrate in the house cricket Acheta domesticus. Each parameter was used as an index of the likelihood that a male would mount a successful encapsulation response if challenged by a pathogen.
Male A. domesticus produce a`calling song' from within male-dominated aggregations in order to attract females (Alexander 1961) . The basic unit of this song is a syllable, which is produced when the two forewings are closed together whilst held raised over the abdomen. Syllables may be produced singly or in groups, both of which are termed`chirps' (¢gure 1). Gray (1997) showed that female A. domesticus orientate preferentially towards calling songs that have more syllables within each chirp. This song character was shown to correlate with male size, such that females will tend to select large males as mates. This component of cricket calling song is known to be energetically costly (Prestwich & Walker 1981; Kavanagh 1987) and may therefore be traded o¡ against immune function, which can be constrained by nutritional and energetic stress in insects (e.g. Ko« nig & Schmidt-Hempel 1995; Feder et al. 1997) . We therefore tested whether there was also a positive relationship between the number of syllables per chirp and immune function, speci¢cally haemocyte load and the ability to encapsulate a synthetic substrate. If this song character is positively related to immune function, the preference of females for males that produce more syllables within each chirp may lead them to select males with higher pathogen resistance ability.
MATERIAL AND METHODS

(a) Insects
Stock cultures of A. domesticus were maintained at 23 § 28 C with ad libitum food and water under a 12 L : 12 D regime. Newly eclosed virgin adult males were collected from single-sex cultures every ¢ve days, creating cohorts with a ¢ve-day age range. Males were maintained individually (also with ad libitum food and water) in covered plastic containers (diameter£ height, 4 cm £ 8 cm) until aged 14^19 days, and then transferred to individual, acoustically isolated chambers for recording.
(b) Song recording
All song recordings were performed in a constant temperature room (288 C) during the fourth and ¢fth hours of darkness under indirect, red light (a single 40 W bulb) using a portable cassette recorder (Sony WMD3, Japan). Three recordings were obtained per male on each of two consecutive days for 39 males.
(c) Measurement of male size
The males were weighed to the nearest milligram following recording (Mettler PM480 balance, Switzerland). Fresh weight at this age is highly correlated with fresh weight at eclosion ( J. J. Ryder, personal observation), which Gray (1997) demonstrated was the strongest predictor of body size in A. domesticus.
(d) Measurement of immune function
The males were chilled on ice for 30 min. Once coldanaesthetized they were swabbed with 70% ethanol, and a single sterile 2 mm length of nylon mono¢lament (0.16 mm diameter) was inserted into the haemocoel through an incision made on the left side of the abdomen between the eighth and ninth abdominal sternites.
After 48 h, the males were again cold-anaesthetized and swabbed, and a 2 ml haemolymph sample was withdrawn from a severed hind-leg wound. This was pipetted into 18 ml of ice cold anticoagulant (see Mead et al. 1986) , mixed thoroughly and pipetted onto a haemocytometer (Weber, UK). The number of haemocytes was estimated per millilitre of haemolymph (`haemocyte load').
The males were dissected under a stereomicroscope (Wild M8, Switzerland) in order to recover the encapsulated nylon implants. The volume of cellular material encapsulating the implants was estimated from scale drawings made using a camera lucida attached to a compound microscope (Leitz Diaplan, Switzerland). The ability to encapsulate this substrate was expressed as the volume of capsule per unit length of nylon implant (`capsule volume').
Estimates were obtained for the repeatability of each assay parameter (haemocyte load and capsule volume). The repeatability of haemocyte load was estimated from counts made on haemolymph subsamples, in order to estimate measurement error, and from spatially and temporally repeated samples. In order to carry out temporally repeated sampling a 1 ml haemolymph sample was removed from a small puncture wound and pipetted into 9 ml of chilled anticoagulant for counting. The male was then returned to its container and a repeat sample was taken from a severed hindleg wound after either 4 h or ¢ve days.The repeatability of capsule volume was estimated from repeat measurements of the same capsules, in order to estimate measurement error, and using two separate implants inserted simultaneously on either side of the abdomen (spatially repeated sampling). Temporal repetition of sampling was not possible because the assay is destructive and could only be carried out once for a given male.
(e) Song analysis
In addition to the number of syllables per chirp, three other song characters were measured in order to place the results in context with Gray's (1997) study of A. domesticus: chirp rate, carrier frequency and intensity. The song recordings were analysed using Canary software (v. 1.2) for the Macintosh computer. Each recording was played back directly into the computer and digitized using the`record' function in Canary with the sampling rate set to 22 kHz. Measurements were made directly from the spectrograms generated from each song sample and exported to Excel (v.'98 for the Macintosh computer) in order to obtain mean values for each recording. (The intensity readings were calibrated automatically using Canary's default factory' setting and are expressed in relation to a lower limit of 7 80 dB; they can therefore only be used to compare the values between the song samples obtained in the current study.)
(f ) Statistical analyses
Repeatabilities were estimated for immune function and calling song from a one-way analysis of variance (Lessells & Boag 1987) using Minitab statistical software (v. 8.21 for the Macintosh computer). The repeatabilities for each of the four song characters were calculated using the mean values of each of the two day's recordings.
The four song characters were used as the dependent variables in separate multiple regression models with three available independent variables: haemocyte load, capsule volume and male size (fresh weight). The analyses were performed in Minitab using the`best subsets' option. This determined the combination of independent variables that explained the greatest proportion of the variance of each song character (Sokal & Rohlf 1995) ; independent variables that did not increase the amount of variation explained were then excluded from the ¢nal model before testing for signi¢cance. Signi¢cance levels were determined by analysis of variance.
A separate analysis showed that there was no signi¢-cant relationship between haemocyte load and either male size (rˆ7 0.18, d.f.ˆ37 and p 4 0.05) or capsule volume (rˆ7 0.22, d.f.ˆ37 and p 4 0.05), and there was no signi¢cant relationship between male size and capsule volume (rˆ7 0.03, d.f.ˆ37 and p 4 0.05). This suggests that the contributions of each independent variable can be considered separately in the regression models (Underwood 1998). The overall mean values were used in the model for each song character (i.e. the mean of the two days' recordings). All data were checked for normality.
RESULTS
There was signi¢cant between-male variation for each immune assay. Haemocyte load was consistent within males and between both the spatially and temporally repeated samples, and capsule volume was consistent between spatially repeated samples (table 1). There was also signi¢cant between-male variation for each of the four song characters, indicating that males tended to be consistent in their calling song expression (table 1) .
The combination of independent variables that explained the greatest proportion of the total variation in the number of syllables per chirp included haemocyte load, capsule volume and male size (table 2); removing any one of these variables reduced the amount of variation explained by the model. This was only the case for the number of syllables per chirp, with male size alone explaining a greater proportion of the total variation in chirp rate, carrier frequency and intensity. Haemocyte load, capsule volume and male size together explained ca. 17% of the variation in the number of syllables per chirp ( pˆ0.025) (table 2). Although male size alone explained the greatest proportion of the total variation in chirp rate and carrier frequency (table 2), the relationships between these two characters and male size were not signi¢cantly di¡erent from zero (table 2) . Male size alone also explained the greatest proportion of the variation in the intensity (13.6%) (table 2). There was a signi¢cant, positive relationship so that, on average, larger males produced`louder' calls.
The partial regression coe¤cient for the relationship between capsule volume and the number of syllables per chirp was not signi¢cantly di¡erent from zero (bˆ0. 061, tˆ1.26 and pˆ0.214) . This suggests that this variable at best only made a small contribution towards explaining the variation in the number of syllables per chirp. However, the partial regression coe¤cients for the relationships between both haemocyte load and male size and the number of syllables per chirp were signi¢cantly di¡erent from zero (haemocyte load bˆ7.64 £10 7 6 , tˆ2.29 and pˆ0.029; male size bˆ1.09 £ 10 7 3 , tˆ2.63 and pˆ0.013) indicating that each of these variables was positively related to the number of syllables per chirp.
DISCUSSION
The immunocompetence handicap hypothesis (Folstad & Karter 1992) predicts that the expression of preferred sexual traits will be positively correlated with pathogen resistance ability. The main aim of this study was to test whether the calling song of male house crickets is likely to provide females with such a signal. To achieve this we examined whether variation in the expression of a sexually selected song character was related to immune function. Gray (1997) showed that female A. domesticus favour calls that contain more syllables per chirp, which tend to be produced by larger males. It has been shown here that the number of syllables per chirp is also positively related to haemocyte load, an important determinant of encapsulation ability in insects (e.g. Eslin & Pre¨vost 1996 , 1998 . Therefore, in favouring males that produce more syllables per chirp females may also select males with a greater ability to encapsulate pathogens. To our knowledge, this is the ¢rst study to document a phenotypic correlation between a trait sexually selected through female choice and a parameter of immune function with the potential to determine general pathogen resistance ability. Although we do not yet know whether this correlation results from a trade-o¡ within males between sexual trait expression and immune function (with males varying in quality and, therefore, in their ability to invest resources in both traits), the fact that energetic costs have been documented for both traits in insects (e.g. Prestwich & Walker 1981; Ko« nig & Schmidt-Hempel 1995) suggests that this is a possible explanation. Each of the song characters measured and the two parameters of immune function were shown to be repeatable. Females should therefore be able to use calling song as a reliable signal of immune function. However, although including capsule volume in the regression model increased the total amount of variation explained, this variable was not signi¢cantly related to the number of syllables per chirp; the correlational analysis presented in the previous section also failed to ¢nd a relationship between haemocyte load and capsule volume. These results were unexpected, since both assays were intended to provide a measure of an individual's ability to produce an encapsulation response. However, haemocyte load may be an important determinant of encapsulation ability because it enables an individual to respond with large numbers of haemocytes during the initial stages of infection, when a pathogen may attempt to evade encapsulation (Vinson 1990; Kraaijeveld & Van Alphen 1994) . The 48 h period used as a standard for assaying capsule volume may have been too long to enable us to detect di¡erences in the ability to recruit haemocytes early in the response. This would probably also have weakened the relationship between haemocyte load and capsule volume.
Handicap models of sexual selection suggest that preferences are selected for in females because the characters they favour are correlated with some aspect of male quality from which females can bene¢t (reviewed in Johnstone 1995) . Females may bene¢t either directly or indirectly through favouring males with a higher encapsulation ability. For example, Zuk (1987) showed that males more heavily parasitized by gregarine gut parasites were less able to produce a second spermatophore following mating. Female crickets can incur signi¢cant costs in searching for mates (Sakaluk & Belwood 1984) and yet may sometimes have to mate multiply in order to maintain adequate sperm stores. In some species, females will therefore accept more than one spermatophore from a single male (Simmons 1986) . A preference for lessparasitized males, which can rapidly produce another spermatophore, may reduce the costs of searching for additional mates. The preference may also reduce the risk of acquiring pathogens during copulation. Copulation is an important route for the transmission of a variety of pathogens in insects and other animals (e.g. Hurst et al. 1995) and this in itself may favour the evolution of female preferences for more resistant males.
In a study of the same population of A. domesticus, we found that there was heritable variation in haemocyte load and capsule volume (assayed using the same techniques reported here), as well as in male size (Ryder & Siva-Jothy 2000) . This suggests that the potential for females to bene¢t indirectly through mate choice by increasing their o¡springs' encapsulation ability (as well as o¡spring size) (e.g. see Simmons 1995) may also exist. The basic principle underlying both Hamilton & Zuk's (1982) and Folstad & Karter's (1992) hypotheses is that host^pathogen coevolution maintains heritability in pathogen resistance (and, ultimately, in ¢tness) . However, it is perhaps di¤cult to see how host^pathogen coevolution could maintain much heritability for the two immune parameters measured here, which were mainly intended to estimate resistance towards generalist pathogens. Moreover, where pathogens have evolved speci¢c ways of overcoming or suppressing their host's immune defences this model may break down. For example, Stettler et al. (1998) demonstrated that the egg^larval parasitoid Chelonus inanitus suppresses the immune system of its host Spodoptera littoralis by injecting both polydna virus and venom with its egg. However, although the host's immune system was shown to be depressed with respect to the parasitoid due to the speci¢c action of these factors, there was no reduction in the ability to encapsulate a synthetic substrate. Therefore, given that variation in haemocyte load and capsule volume in A. domesticus may re£ect resistance primarily in the context of noncoevolved interactions, we suggest that mechanisms other than host^pathogen coevolution are likely to be responsible for maintaining heritable variation in each parameter. In particular, we suggest that either condition dependence (Rowe & Houle 1996) and/or antagonistic pleiotropy between immune function and other ¢tness-related traits (e.g. Kraaijeveld & Godfray 1997; Fellowes et al. 1998 ) may be important. 
